Purpose-MicroRNAs (miRNAs), a class of noncoding small RNAs that regulate gene expression, are involved in numerous physiologic processes in normal and malignant cells. Our in vivo study measured miRNA and gene expression changes in human blood cells in response to ionizing radiation, to develop miRNA signatures that can be used as biomarkers for radiation exposure.
INTRODUCTION
MicroRNAs (miRNAs) are a class of small noncoding RNAs that have been identified as potent regulators of gene expression. Sequencing and functional analysis show that miRNAs control the expression of more than 50% of human genes by mRNA destabilization and translational repression (1) . At the same time, in vivo and in vitro studies have found that miRNA control is essential for the proper execution of many processes active in normal cells, including cell metabolism, cell differentiation, and cell signaling (2) . Moreover, numerous analyses of miRNA expression signatures in tumors have found that they are highly specific and can be correlated with tumor state and tumor prognosis (3, 4) . miRNA dysregulation has also been identified in many other diseases (5) (6) (7) (8) (9) .
Recently, it has been shown that ionizing radiation can induce changes in miRNA expression profiles in normal human fibroblasts (10) and immortalized cell lines (11, 12) . Inasmuch as exposure to medical sources of radiation (13, 14) or to radiation emitted by an improvised radiologic or nuclear device (15) poses a health risk to the exposed population, we investigated to what degree human blood miRNA signatures can be used as biomarkers for radiation exposure.
In the present work we studied the effects of ionizing radiation on the expression levels of miRNAs and their predicted target genes in blood cells of patients exposed to ionizing radiation. We found that radiation induces significant changes in both miRNA and gene expression signatures. Importantly, despite the individual differences between the patients, we found 45 miRNAs that were statistically significantly upregulated 4 hours after treatment with 1.25 Gy x-rays, compared with pretreatment control samples. The expression of 27 of these miRNAs was induced by radiation treatment in all patients.
We used these miRNA signatures to develop class prediction classifiers for samples with unknown radiation status. We also used the miRNA target genes with downregulated expression levels after irradiation to acquire more knowledge of the potential functional involvement of miRNAs in the radiation response.
METHODS AND MATERIALS

Radiotherapy patients
Eight patients undergoing total body irradiation (TBI) at the Memorial Sloan-Kettering Cancer Center in preparation for stem cell transplantation were recruited for this study. All experiments had been approved by the institutional review boards of Memorial Sloan-Kettering Cancer Center and Columbia University Medical Center and conformed to the principles of the Declaration of Helsinki; all patients had declared their informed consent to participate in the study. The patients received 1.25 Gy x-ray TBI, delivered as a single fraction. Peripheral blood (2.5 mL) was collected before and 4 hours after irradiation.
RNA isolation
Blood from radiotherapy patients was drawn directly into PAX-gene blood RNA tubes (PreAnalytiX GmbH, Hombrechtikon, Switzerland) for RNA extraction. The PAXgene Blood RNA Kit (Qiagen Inc., Valencia, CA) was used for RNA extraction according to the manufacturer's instructions with the exception of the dilution of buffers BR3 and BR4.
These buffers were mixed with ethanol at a proportion of 1:1 before use because this allows a more efficient isolation of small RNA species. RNA concentration was measured on a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and RNA integrity was determined using the Agilent 2100 Bioanalyzer microelectrophoretic system (Agilent Technologies, Santa Clara, CA).
Quantitative reverse-transcription polymerase chain reaction for miRNA expression
To determine miRNA expression in the patients' blood samples, 50 ng total RNA was reverse-transcribed with miRNA specific primers, and the resultant cDNA was loaded on a 384-well low-density TaqMan human miRNA expression array (array A) for quantitative real-time polymerase chain reaction (PCR) according to the manufacturer's instructions (Applied Biosystems, Foster City, CA).
Analysis of miRNA expression data
The real-time PCR data were imported into RQ Manager v. 1.2 (Applied Biosystems) to determine C T values. The data were then exported to Excel (Microsoft Corporation, Redmond, WA) for preprocessing, which included the removal of the miRNAs that did not have detectable expression levels (C T = 40) in ≥50% of both the treatment samples (samples obtained after radiation therapy) and the control samples (samples obtained before radiation therapy). This way of preprocessing ensures that miRNAs that are not expressed in at least half of both the control and the treatment samples are excluded from the analysis, whereas miRNAs that are consistently expressed in only one of the two conditions (either before or after radiation therapy) are retained. The preprocessed data were then imported into RealTime StatMiner v. 4.1 software (Integromics, Madrid, Spain) for normalization and statistical testing. The average C T values of two endogenous control small nucleolar RNAs included on the arrays, RNU6B and RNU48, were used for normalization of the expression data. A t test for paired samples with false discovery rate (FDR) adjustment according to the method of Benjamini and Hochberg (16) was used to determine miRNAs that had statistically significantly changed expression levels after radiation therapy. miRNAs with an FDR <0.08 were considered to be differentially expressed.
Microarray hybridization for gene expression
Whole genome microarrays (G4112A; Agilent Technologies) containing 44,794 probes were used for microarray hybridization according to the manufacturer's instructions. Before labeling for microarray analysis, αand β-globin mRNA was removed from the RNA samples using the GLOBIN clear kit (Ambion Inc., Austin, TX). The RNA was labeled with the One-Color Quick Amp labeling kit (Agilent Technologies). The microarray slides were scanned on an Agilent G2404B Scanner. The scanned images were extracted with Feature Extraction v. 9.1 software (Agilent Technologies) using default parameters for background correction and flagging of nonuniform outliers.
Analysis of gene expression data
Background-corrected fluorescence intensity values were imported into BRB-ArrayTools v. 3.8.0 (16), log 2 -transformed, and normalized to the global array median. Nonuniform outliers, features not significantly above background intensity in ≥50% of the samples, and features changing ≤1.5-fold in ≥20% of the samples were filtered out. A random-variance t test was used to determine genes differentially expressed between treatment and control samples (17) . Genes with p values of <0.001 (which corresponded to an FDR of <0.035) were considered statistically significant. The microarray data were deposited in the gene expression omnibus database and can be found under accession number GSE23393 (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23393).
Hierarchic clustering and multidimensional scaling
BRB-ArrayTools v. 4.1.0 software (18) was used for hierarchic clustering and multidimensional scaling (MDS) of the miRNA expression data. Both clustering methods are based on −ΔC T values. Specifically for this analysis, we standardized the average of the array means of any two pairs of arrays corresponding to blood samples from the same patient before and after irradiation to the global array mean across all samples. A Euclidean distance metric and average-linkage clustering were used for hierarchic clustering. For MDS, a Euclidean distance metric was used to compute a distance matrix, and the first three principal components of miRNA expression were used as the axes for the MDS plot.
Class prediction
BRB-ArrayTools v. 4.1.0 (18) was also used to perform miRNA-based class prediction using the ΔC T values of the differentially expressed miRNAs. The prediction methods used were compound covariate predictor, diagonal linear discriminant analysis, K-nearest neighbors (for K = 1 and 3), nearest centroid, and support vector machines. The ΔC T values were paired among samples collected from the same patient (i.e., the ability of the classifier to correctly assign each member of a pair to the correct irradiation condition, before or after radiation therapy, was tested). In addition, we constructed unpaired classifiers; these classifiers were normalized to the global array means within groups (before and after radiation therapy) and used the same prediction methods as the paired classifiers. The robustness of each predictor was assessed by the leave-one-out cross-validated misclassification error rate with 10,000 random permutations, which produced error p values of less than 0.02 for all predictors.
Gene ontology analysis
Predicted target genes of the differentially expressed miRNAs were determined in the downregulated gene pool, obtained by the gene expression analysis, using TargetScanHuman v. 5.1 (19) . Targets included both phylogenetically conserved and poorly conserved targets with context scores of ≤−0.3, corresponding to log 2 gene expression ratios of ≤−0.3, as determined by multivariate linear regression fitting of gene expression microarray data (19) . The differentially expressed downregulated genes that were predicted targets of the differentially expressed miRNAs, and all differentially expressed genes, were uploaded to the PANTHER GO database v. 7.0 (20) , which classifies genes according to GO terms, using published scientific experimental evidence. Gene set enrichment analysis was performed for the biologic process category, with all genes expressed above fluorescence background level serving as the reference set.
RESULTS
Patient characteristics, irradiation conditions, and blood collection
All patients were scheduled to receive myeloablative fractionated radiation before autologous or allogenic stem cell transplants. They were in complete remission 1 or 2 at the time of irradiation and had blood cell counts within the normal limits. No patient had been treated with radiation before. All patients had a history of leukemia or lymphoma, and chemotherapy treatment regimens had been completed more than a month before TBI (Table  1 ). Blood was collected directly in fixing solution before and 4 hours after radiation treatment with the first fraction of 1.25 Gy x-rays. This method of blood collection preserves the in vivo miRNA expression signatures in the collected samples.
miRNA expression analysis and clustering
A total of 195 miRNAs (out of 377 on the array) were expressed in the patient blood cells, using our filtering criteria. The PCR data were subjected to thorough statistical analysis, which included four steps: (1) normalization of the expression data for all arrays, (2) calculation of the differences in ΔC T values between samples collected before and after radiation treatment for all patients, (3) comparison of the ΔC T difference scores and calculation of p values by means of a paired t test, and (4) calculation of the FDR for the results from Step 3.
Normalization is a crucial issue in gene (including miRNA) expression studies, and different normalization methods can lead to different results and conclusions (21, 22) . For this reason, we evaluated multiple normalization methods. These include normalization with any of the endogenous control genes supplied with the array (RNU6B, RNU44, and RNU48) and combinations thereof, normalization with any of the five most stably expressed miRNAs (those that had the lowest standard deviations between C T values across arrays: hsa-miR-331-3p, miR-494, miR-320, miR-532-3p, and miR-191) and combinations thereof, and normalization to the RNA loading amount. All tested normalization methods produced similar results. Finally, we chose the two most stably expressed endogenous controls for normalization because they are better applicable to cross-comparison analyses between different experiments. A total of 94 miRNAs with p values <0.05 were identified. The expressed miRNAs were subjected to an additional FDR analysis to account for multiple comparisons. Only miRNAs with an FDR <0.08 were considered to be differentially expressed, which means that only 8% of the miRNAs declared as differentially expressed were expected to be false positives. Moreover, we selected only miRNAs with an absolute fold change of more than two. Applying these criteria, we identified 45 differentially expressed miRNAs. These miRNAs and their predicted target genes among the statistically significantly downregulated genes (see below) are shown in Table 2 . Notably, all detected differentially expressed miRNAs had increased expression levels after irradiation. We did not detect any statistically significantly downregulated miRNAs, although we found downregulated miRNAs in every patient after irradiation. Very importantly, 27 of these miRNAs were upregulated in all patients. This number increased to 39 when 1 patient with a distinctively different miRNA expression profile was removed from the analysis. Normalized expression levels of all expressed miRNAs are shown in Table E1 .
The different samples were subjected to hierarchic clustering ( Fig. 1A ). This clustering method grouped the patient samples according to irradiation condition, which confirms that despite individual differences between patients, radiation induces similar changes in the expression levels of specific miRNAs. We also performed an MDS analysis, which is a classification method that visualizes global differences between samples (Fig. 1B) . The results show that irradiated and nonirradiated samples occupy separate subspaces in the three-dimensional graphic representation. This demonstrates again the significance of the differences of the miRNA signatures between the two conditions. Clustering results, including all expressed miRNAs, regardless of statistical significance, are shown in Fig. E1 .
Gene expression analysis
Out of the 10,009 features that were expressed above background intensity and that fulfilled the filtering criteria, as described in Methods and Materials, 8,763 were unique. Of these, 275 had a p value <0.001 comparing preirradiation expression levels with expression 4 hours after TBI; this corresponds to an FDR of <0.035, calculated according to the method of Benjamini and Hochberg (16) (Table E2 ). These genes were considered to be differentially expressed. Out of the differentially expressed genes, 223 could be assigned a HUGO gene symbol (http://www.genenames.org) (23) .
Class prediction
The miRNA ΔC T values were used to build class prediction classifiers to test to what degree class prediction is able to indicate the irradiation status of patients' blood samples based on their miRNA expression profiles. The leave-one-out cross-validation method was used to test the robustness of the classifiers.
Two types of classifiers were constructed. One contained all 45 differentially expressed miRNAs. For the other classifier, only the six differentially expressed miRNAs that showed an expression fold change of >5 after irradiation (hsa-miR-143, 570, 548d-3p, 376a, 590-5p, and 190) were used.
Both paired and unpaired classifiers were constructed. A pair consisted of the pre-and postexposure samples from the same patient. Both types of paired classifiers performed with an accuracy of 100% in all classification methods used (i.e., they correctly determined the irradiation status before or after radiation therapy of all paired samples).
The unpaired classifiers were normalized to the global array means within groups (before and after radiation therapy) to improve the performance of the classifiers and minimize the effect of outlier samples. The classifiers containing all 45 upregulated miRNAs performed with an accuracy of 100% in all classification methods used. However, the classifiers built from the six miRNAs with the highest fold changes had accuracies between 81% and 88%, depending on the classification method used.
We did not build gene expression-based classifiers in this study because a larger study submitted for publication describes the development of such classifiers (24).
Prediction of miRNA target genes
A two-step procedure was used for miRNA target determination: (1) identification of the potential miRNA target genes by gene expression analysis and (2) software-assisted identification of the miRNA targets in the pool of downregulated genes. The 98 genes found to be statistically significantly downregulated in our gene expression analysis were selected as potential miRNA targets. To determine the targets of the 45 upregulated miRNAs in this gene pool, we used TargetScanHuman v. 5.1 software (2, 19) , which uses sequence-and motif-based algorithms for miRNA target prediction. Only high-probability target genes with context scores of ≤−0.3 and at least one conserved or poorly conserved miRNA target site, as defined by phylogenetic tree analysis, were selected. According to this analysis, 37 downregulated genes were predicted targets of the differentially expressed miRNAs (Tables  2 and 3 ). These genes were used for the subsequent gene ontology (GO) analysis.
Gene ontology analysis of miRNA and gene expression
The goal of the GO analysis is to predict the effect of the upregulated miRNAs on cell functions. The downregulated genes predicted to be targeted by the radiation-induced miRNAs, and all differentially expressed genes, were uploaded to the PANTHER v. 7.0 GO database (20) , and gene-set enrichment analysis was performed in the biologic process category. An overview of the biologic processes overrepresented or underrepresented in the pools of the differentially expressed genes and the genes targeted by miRNAs, compared with all genes expressed above fluorescence background level, is given in Table 4 . Our results predict that miRNAs could control about 30% of the biologic processes that are regulated by the products of the radiation-induced genes. Specifically, the analysis suggests that TBI results in an increased miRNA control of genes involved in hemopoiesis and the immune response, whereas metabolic processes are underrepresented among the genes controlled by miRNAs (Fig. 2) . A GO analysis of the genes differentially expressed upon radiation exposure showed that processes such as the immune response, signal transduction, the response to stress, the cell cycle, apoptosis, and hemopoiesis are enriched in these genes, but, as for the miRNA target analysis, the differentially expressed genes are underrepresented in metabolic processes, compared with the reference gene set (Fig. E2 ).
DISCUSSION
Recently, high-throughput assays have been successfully used for radiation biodosimetry. The power of gene expression profiles to discriminate irradiated from nonirradiated samples and low-dose exposure from high-dose exposure has been demonstrated in ex vivoand in vivo-irradiated blood samples (25) (26) (27) . In parallel, miRNA-related studies have shown that miRNA expression signatures define cell functions and cell types with high precision and in some cases better than gene expression. miRNA expression profiles correctly classified poorly differentiated tumors (28) , different types of breast cancers (29) , lung cancers (30) , and many other diseases, including those not related to cancer (5) . Moreover, ionizing radiation changes the miRNA expression profiles of normal human fibroblasts (10) and immortalized cell lines (11, 12) . However, to date no study has characterized miRNA expression signatures in humans irradiated in vivo as far as we are aware. Given that blood cells are among the most radiation-sensitive cells in the human body, we investigated the potential of radiation-induced miRNA expression profiles in peripheral blood cells to provide high-resolution biomarkers for radiation exposure. Such biomarkers could be used to monitor the presence and duration of radiation effects in individuals exposed to ionizing radiation in therapeutic or diagnostic settings.
We measured miRNA expression profiles in blood cells from 8 patients in complete remission 1 or 2. We found that 45 miRNAs (23% of all miRNAs detected in blood cells) showed statistically significant changes in expression levels 4 hours after irradiation with a dose of 1.25 Gy x-rays when compared with preirradiation control samples. This result indicates an extensive shift in miRNA expression, with important consequences for cell functions. Notably, all differentially expressed miRNAs showed increased expression levels after irradiation. We did detect underexpressed miRNAs in every patient, but they were not statistically significantly downregulated across all patients. The predominance of upregulated miRNAs could be a characteristic of the early radiation response in blood cells. Importantly, 27 of the 45 radiation-induced miRNAs were upregulated in every patient. When 1 patient who had a markedly different miRNA expression profile from those of the other patients was excluded from the analysis, the number of miRNAs upregulated across all patients increased to 39. The high consistency of miRNA expression changes in human blood cells across individuals emphasizes the great value of miRNA signatures as radiation biomarkers. Although we identified a large number of radiation-induced miRNAs, a limitation of our study is that we do not have results for different doses and time points after irradiation because of the difficulties associated with obtaining human samples. Another limitation is the relatively small number of patients we studied. This limits the statistical power of our analysis and might explain why we did not detect any statistically significantly downregulated miRNAs. It also limits the data available for developing class prediction classifiers. Moreover, the microarray gene expression data were not replicated; however, a larger radiotherapy-induced gene expression study, based on a substantially larger patient population, has been submitted for publication by our group (24) .
A major concern for any comparative analysis of data derived from total blood cell populations before and after irradiation is that blood cell subsets may change after irradiation because of the radiation sensitivity of white blood cells. According to estimates of the effect of irradiation on blood cell counts, the lymphocyte depletion rate constant is very low for doses of up to 1 Gy, and the decrease in the number of white blood cells has been estimated to be 6% 12 hours after irradiation (31, 32) . On the basis of these data, we assumed that a dose of 1.25 Gy would not induce a significant change in the numbers of blood cells for the 4-hour time point that we used. This implies that the miRNA and gene expression changes we observed were due to functional changes in the irradiated cells and were not the consequence of cell subset depletion. Although workable biomarkers can be developed for class prediction even when blood cell subsets change in response to irradiation, the postulation of subset constancy substantially facilitates the interpretation of the results of the GO analysis.
We attempted to cross-validate our results with other studies. We did not find any other published work describing radiation-induced miRNA expression changes in blood cells for comparison. A comparison of our findings with radiation-induced miRNA expression profiles in other cell types shows very little overlap, probably because of cell type differences (10) (11) (12) . Additionally, far fewer miRNAs were induced by ionizing radiation in non-blood cells, which could be explained by differences in radiation sensitivity or the molecular milieu of transformed cells, which generally express lower numbers of miRNAs (28) .
Because of the high number of differentially expressed miRNAs identified in our study, we developed radiation classifiers that can predict the irradiation status of blood samples. Both paired and unpaired classifiers constructed from all differentially expressed miRNAs performed with an accuracy of 100%. The robust performance of the unpaired classifiers is especially important because their functioning does not require pre-exposure control samples. These results encourage the pursuit of additional studies that further investigate the potential of miRNAs to serve as reliable biomarkers of radiation exposure.
We estimated the effects of the radiation-induced miR-NAs on cell processes by combining gene expression, software-assisted miRNA target analysis, and GO data analysis. A strength of our study is that we determined radiation-induced gene expression changes in addition to miRNA profiles. Consequently, we possess information on physiologically downregulated genes, and we do not solely rely on bioinformatics-based predictions of miRNA targets. Overall, 38% of the downregulated genes were predicted targets of the upregulated miRNAs, using our context-score cutoff criterion. It should be noted that only downregulated, not translationally repressed, mRNAs are included in this number because the detection of translationally repressed mRNAs requires different methods. Our GO analysis showed that miRNA target genes are involved in hemopoiesis, the immune response, B cell-mediated immunity, and other processes. Interestingly, miRNA control of genes involved in metabolic processes is decreased, most likely because of underrepresentation of genes involved in metabolic processes among the differentially expressed genes.
In summary, our study shows that radiation induces a robust miRNA expression response in peripheral blood cells. The results of our study expand our knowledge of the processes activated in blood cells after radiation exposure and can be used as the foundation for the further development of reliable radiation biomarkers. Regulation of several biologic processes by miRNAs after total body irradiation. Gene ontology analysis of the predicted miRNA target genes revealed the biologic processes in which the predicted target genes significantly responding to radiation are overrepresented (red columns) or underrepresented (blue columns). Processes above the horizontal dashed line show statistically significant over-or underrepresentation at a p value of <0.05. Abbreviations: FC = fold change; SEM = standard error of the mean; N/A = not applicable.
* −ΔΔC T equals log 2 (FC). † SEM of individual −ΔΔC T values = − [(ΔC T after irradiation) − (ΔC T before irradiation)]. ‡ Predicted miRNA target genes among the genes statistically significantly downregulated after radiotherapy; miRNAs belonging to the same family have the same targets. § These miRNAs were upregulated in all 8 patients. ¶ These miRNAs do not have any predicted targets among the genes statistically significantly downregulated after radiotherapy. These miRNAs might control protein synthesis by means of translational repression, rather than mRNA destabilization and downregulation. Table 3 Genes that are both downregulated and predicted targets of upregulated miRNAs Abbreviation: SEM = standard error of the mean.
